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Toby Strite and Christoph Harder 
Since its introduction in 1993, Uniphase’s E2 pump laser has played an important role in commercializing 
high bandwidth WDM systems. In that time, the company has collected a great deal of data that confirms 
the high reliability of these diodes. 
T he development of erbium- doped fìbre amplifiers (ED- FA), more than any other 
technology, has enabled the prolif- 
eration of high bandwidth data 
networking.Acting like lasers with- 
out mirrors, EDFAs coherently am- 
plify 1550 nm signals propagating 
along the lìbre by converting ei- 
ther 980 nm or 1480 nm pump 
laser light.The pump lasers power- 
ing EDFAs must be highly reliable 
while being pushed to their physi- 
cal limits to provide maximum am- 
plitìcation power. As a critical 
active component, pump laser reli- 
ability is a matter of great impor- 
tante to telecommunications 
service providers. 
An important milestone in opti- 
cal networking occurred in 1993 
when MC1 announced a successful 
fìbre link between Sacramento, CA, 
USA, and Chicago, IL, USA, using 
EDFAs powered by E2 980 nm 
pump lasers from Uniphase Laser 
Enterprise (ULE). The E2 moniker 
is a reference to the proprietary 
facet passivation process responsi- 
ble for the high reliability of the 
pump lasers. Prior to the MC1 link, 
only 1480 nm pump lasers were in 
service, but these systems were 
limited in both bandwidth and 
range because of the increased am- 
pliflcation noise associated with 
pumping at that wavelepgth. Other 
service providers quickly followed 
suit and 980 nm pump demand 
burgeoned, rapidly eclipsing 1480 
nm in overall market share. The 
availability of reliable, high power 
980 nm pump lasers has played a 
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Figure 1. ULE’s GO3 coupled into an optica/ fibre (left) and the new GO4 chip (right). The GO4 
980 nm pump laser chip is engineered to provide EDFA manufacturers with 260 m W rated 
output power to meet the needs of ever denser WDM systems. 
key role enabling the commercial- 
ization of high bandwidth wave- 
length division multiplexing 
(WDM) systems in this decade. 
Having shipped >200 000 of its 
980 mn pump lasers, 70+% of all 
980 nm pump lasers deployed, 
Uniphase has assembled a unique 
reliability database comprising 
both field data and internal test re- 
sults. The E2 pump laser product 
has accumulated more than one 
billion field hours, and the compa- 
ny’s internal database exceeds 20 
million device test hours, with indi- 
vidual E2 lasers at 70 000 hours 
and counting. These data permit a 
complete reliability picture for the 
E2 pump laser to be presented in 
thls article. 
Evolution of E2 
Table 1 shows the historica1 devel- 
opment of Uniphase’s E2 chip 
technology, which has tracked the 
demands of EDFA manufacturers. 
The GO1 and GO2 technologies im- 
Tabje 1. Historica/ development of ULEk 980 nm pump laser technology 
Technology Rated chip Commente Introduced 
POP 
Go0 
GO1 
GO2 
GO3 
GO4 
120 mW 
120 mW 
150 mW 
200 mW 
280 mW 
Electrical overstress 
sensitivity 
ESD sensitivity improved 
to2kV 
ESD up to up to 8 kV, 
1.5 W pulsed output 
Linear power 
enhancement 
Lineat power and 
reliability enhancements 
Jan 1994 
Jan 1995 
June 1998 
Nov 1997 
February 1999 
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Figure 2. Schematic portrayal of experimental data comparing E2 lasers and conventional 
lasers. Conventional lasers inevitably experience COFD caused by continuous oxidation of 
the AIGaAs laser facet. E2 lasers have an effectively infinite time-to-COFD. 
r 
t_ 
320 
60 OOOh 40 OOOh 20 OOOh Oh 
280 
240 
operating power: 150-200 mW 
case temperature: 30-75X 
July 1998 1 
1 I I I I I I I 
1990 1991 1992 1993 1994 1995 1996 1997 1998 
Figure 3. Continuous long term life test data, begun in 1990- 1991 on nine first generation E2 
lasers, all of whom stil/ survive. The loP at constant power degrades sub-linearly for all de- 
vices, a//owing Uniphase to continuously raise its Ml7F estimate (20% increase in IJ, now 
above two million hours. 
proved the robustness of the initial 
chip design, reducing electrical 
overstress sensitivity and greatly 
enhancing the electrostatic dis- 
charge (ESD) damage threshold. 
These improvements reduced fails 
due to mishandling or misuse of 
the E2 chip. 
By the end of 1996, the reliabili- 
ty and robustness of 980 nm pump 
lasers was wel1 established, and 
customers became interested in 
greatly increased pump laser pow- 
er to accommodate up to sixteen 
WDM channels in a single tìbre. 
Uniphase responded with the GO3 
chip engineered for 200 mW rated 
operating power. As WDM system 
architectures continue to expand 
in 1999 to 64+ channels, ever more 
pump power is needed, for which 
Uniphase is introducing its GO4 
technology capable of 26OmW rat- 
ed power. 
Pump lasers are most common- 
ly packaged into butterfly pack- 
ages that provide a platform for 
stably operating the laser and cou- 
pling its light into a single-mode 
optica1 fibre.The most effìcient de- 
signs routinely couple >70%, and 
as much as 86% of the laser power 
into the fibre. Consequently, the 
GO4 technology enables pump 
modules having 200 mW of rated 
power in the tìbre to be produced. 
980 nm laser 
technology 
Uniphase’s E2 980 nm pump laser 
(see Figure 1) is based on the 
ternary AlGaAs and InGaAs alloys 
of the AlGaInAs material system de- 
posited by solid-source molecular 
beam epitaxy (MBE). The excellent 
lattice match, refractive index con- 
trast, dopability and thermal con- 
ductivity of AlGaAs provides de- 
sign freedom to optimize the verti- 
cal structure, while a single 
pseudomorphic InGaAs quantum 
wel1 active region produces high 
gain, good electrical confìnement 
and, therefore, a low threshold cur- 
rent (14 mA) and high quantum ef- 
ficiency (>0.92 W.A-t). Wet etching 
is used to form a ridge waveguide 
for lateral contìnement of the opti- 
cal fìeld.The ridge is embedded in 
SiN, dielectric for lateral current 
confinement 
A key part of any reliable 
AlGaAs laser technology is the mir- 
ror passivation. If the cleaved mir- 
ror is not properly protected, 
degradation of the mirror related 
to Al oxidation eventually leads to 
catastrophic optica1 facet damage 
(COFD), a sudden failure mecha- 
nism caused by absorption at the 
facet leading to thermal runaway. 
Uniphase’s patented E2 mirror pas- 
sivation completely suppresses 
COFD, proving once widespread 
claims of inherent unreliability of 
Al-containing lasers to be totally 
without merit. However, the diffi- 
culty of proper facet passivation 
has restricted the 980 nm market- 
place to only a handful of qualified 
vendors. 
Reliability of the E2 
The E2 laser has achieved its relia- 
bility leadership through the out- 
standing material purity and 
excellent layer control made possi- 
ble by our MBE process, a highly 
optimized device design, 
Uniphase’s proprietary E2 facet 
passivation procedure, and a rigor- 
ous inspection and screening 
regime optimized over ten years’ 
980 nm pump laser experience. 
MBE growth suppresses the point 
defects and dislocation bundles in 
the epitaxial layer structure that 
lead to both sudden and long-term 
device degradation. The optimized 
device structure minimizes junc- 
tion degradation associated with 
free carrier absorption and ohmic 
losses.The E2 process protects the 
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Figure 4. Close up of one laser3 degradation of the threshold current, differential quantum efficiency and loP over time under constant stress 
conditions. Al/ degradation rates are sub-linear enabling wear-out predictions to be continuously raised. 
laser mirrors against corrosion, and 
increases device robustness. 
Electro-optical screening and opti- 
cal inspection ensure that onIy the 
best devices are shipped. 
Any discussion of diode laser re- 
liability must distinguish between 
wear-out and sudden fails. Wear-out 
refers to the predictable end of 
useful life imposed by gradual de- 
vice degradation, generally defmed 
by one or more critical operating 
parameters or system 1imitations.A 
common defmition for 980 nm 
pump laser wear-out used here is a 
20% increase in laser operating 
current (I, 
rs 
at constant power. 
Sudden fai ures refer to devices 
that fail during normal operation 
with little or no forewarning. Both 
the wear-out and sudden failure 
rates are influenced by the laser 
output power and junction tem- 
perature. 
Table 2. Experimental reliability parameters for the E2 980 nm pump laser 
Wear-out behwiour Value 
MTTF 2 x 106 hours 
T 50 1.4 x 106 hours 
Thermal activation energy E, = 0.2 eV 
Operating power dependence (Pa) a = 0.5, i.e. -IP 
Sudden fail behaviour 
Field data 
Stress test at 2OOmW, 25°C 
Thermai actiwation energy 
@erat&~ powsr *penda+w (PY 
110 FIT 
el000 FIT 
E, = 0.3..0.5 eV 
a = 4..2, i.e. p4-2 
Both sudden and wear-out fail- 
ure rates as a function of output 
power are generally fit to a power 
law (Pa, P=operating power and a 
is characteristic of the laser tech- 
nology). The thermal dependences 
are best described by an activation 
energy (E,, wear-out rate is propor- 
tional to exp[-EJkT]). Determining 
cx and E, for a technology is impor- 
tant because the targeted failure 
rates for telecommunications are 
so low, and lifetimes so long, that 
meaningful values can only be ex- 
trapolated using these constants 
together with lifetest data obtained 
under accelerated conditions. The 
lower the a and E,, the more ro- 
bust a technology is under stress. 
The E2 process 
One key to the reliability and ro- 
bustness of Uniphase’s AlGaInAs 
laser diodes is the proprietary E2 
facet passivation process that is 
field-proven to completely elimi- 
nate COFD failures, while drastical- 
ly increasing sustainable power 
output under normal operating 
conditions. Figure 2 is a schematic 
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based on experimental studies of 
the effect of E2 on laser reliability 
performed in the late 1980’s. The 
data were collected by Me-testing 
identical sets of lasers differing on- 
ly by the facet formation process. 
The red and blue lines represent 
the experimentally observed 
COFD power leve1 of the lasers 
and their operating power, respec- 
tively, as a function of operating 
time. A sudden COFD fail occurs if 
the lines intersect even briefly 
(e.g. an ESD).The COFD leve1 was 
monitored by removing lasers 
from the life-tester periodically and 
driving them into COFD. The ob- 
served result is that conventional 
AlGaAs lasers initially have a high 
COFD leve1 that degrades continu- 
ously at a rate corresponding to 
the oxidation at the laser facet. E2 
lasers, after an initial burn-in, have 
a stable COFD level, i.e. an effec- 
tively infimite time-to-COFD, as 
borne out in the fìe1d.A further ad- 
vantage of E2 is that the stability of 
the COFD leve1 permits the lasers 
to be operated at higher power 
with respect to the COFD leve1 
without a corresponding reduc- 
tion in time-to-COFD. 
Wear-out failures 
Uniphase understands the wear- 
out behaviour of the E2 chip pri- 
marily through an internal 
database comprising long term ac- 
celerated life-test experiments. 
Figure 3 is a plot of Uniphase’s 
longest running experiment that 
continues to provide new insights 
into the ageing of E2 lasers.The im- 
portance of long term testing to 
avoid complete reliance on extrap- 
olated parameters is exemplitied in 
the evolution of extrapolated wear- 
out of these nine lasers whose sub- 
linear degradation continuously 
allows Uniphase to raise its life- 
time estimates. 
The sub-linear degradation of 
key laser parameters is more evi- 
dent in the close up of one lasers 
degradation presented in Figure 4. 
Since 1997, the continuous satura- 
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Figure 5. Data showing the roughly log normal distribution of E2 laser wear-out extrapolated 
after 6000 hours lifetesting at three different temperatures. The shit? of the failure rate with 
temperature corresponds to an E, = 0.2 eK 
tion of Iep and other key parameter 
degradation with time has enabled 
Uniphase to more than double its 
estimate of the E2 laser wear-out 
lifetime between 6 kh and 60 kh to 
greater than two million hours at 
15OmW, 25°C. Further increases 
are likely forthcoming as time 
elapses. 
A more statistically relevant 
study of E2 laser wear-out is sum- 
marized in Fig,ure 5. Based on the 
preceding discussion, these results 
are lower limits of the wear-out 
times, bound to improve if the ex- 
periment were extended. The data 
show the extrapolated wear-out 
times of individual devices after 
6000 hours of operation at three 
different temperatures. The data at 
each temperature correspond 
roughly to a log normal distribu- 
tion denoted by the lines.The shift 
of the wear-out behaviour with 
temperature corresponds to a ther- 
mal activation energy E, = 0.2 eV 
(Table 2) a rather low value for 
diode lasers, reflecting the relative 
temperature insensitivity of Uni- 
phase’s pump laser degradation. 
Figure 6 plots the results of a 
similar experiment illustrating the 
dependence of the threshold cur- 
rent degradation rate on operating 
power (Pol,) for both E2 and con- 
ventionally coated lasers fabricated 
simultaneously on the same wafer, 
but undergoing standard and 
E2 facet processing. E2 and con- 
ventionally coated lasers are 
clearly governed by different limit- 
ing degradation mechanisms. 
Conventional lasers degrade as the 
square (cx - 2) of P,,, i.e. four times 
faster at doubled operating power, 
while E2 lasers are much less sensi- 
tive, with I,, degrading at a rate 
proportional to the square root (a 
- vz) of P,,, or only -40% faster at 
doubled operating power. 
Sudden failures 
Sudden pump laser failures - be- 
cause they occur unpredictably 
and without warning, and cripple a 
network link - are of foremost con- 
cern to telecom systems and ser- 
vice providers. A telecom 
component technology’s reliability 
is most commonly defmed by its 
sudden fail rate in the field mea- 
sured in failures-in-time (FIT). One 
FIT denotes one fail per billion de- 
vice hours, or more intuitively, a 
FIT rate of 1000 is equivalent to 
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Figure 6. Threshold current degradation rate versus laser operating power, comparing identi- 
cal lasers having different facet coatings. Conventionally coated lasers degrade at a rate pro- 
portional to the Pop squared, while E2 lasers are much less sensitive, degrading proportional 
to the square root of Pop. 
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Figure 7. Sudden fail behaviour of 532 lasers operated 350 mA at a heat sink temperature of 
75°C. 
- 1% of the device population fail- 
ing over one year of service. 
One of Uniphase’s pump laser 
customers, Nortel Networks, has 
monitored a group of 80-120 mW 
modules (equivalent to -120-160 
mW chip operating power) over 
>190 million field hours. Its data 
shows E2 980 nm laser pump mod- 
ule reliability to be 110 FIT with a 
60% confìdence level. This is a re- 
markable improvement compared 
with the 180 FIT value Nortel 
Networks announced at the 1998 
Optica1 Fiber Conference. Like the 
long term lifetest results of Figures 
3 and 4, the E2 laser reliability pic- 
ture improves markedly with time. 
The second major source of 
sudden fail data is stress tests per- 
formed at Uniphase. A representa- 
tive batch of 532 devices were 
studied under accelerated ageing 
conditions (75°C 1,,=35OmA, cor- 
responding to a junction tempem- 
ture of -100°C and P,,-28OmW) 
for one thousand hours each. The 
results are plotted in Figure 7.The 
lasers pass through an infant mor- 
tality phase within 50 hours, and 
thereafter enter a regime which 
can be fit to a log normal distribu- 
tion characterized by T - 3 x 10’ 
hours and o = 8. By ?i&l hours 
the sudden fail rate was only -28 
kFIT, despite the harsh operating 
conditions. 
The field data of Nortel 
Networks combined with the ex- 
periment shown in Figure 7 pro- 
vide hvo statistically meaningful 
data points correlating the temper- 
ature and power dependence of 
the E2 chips sudden fail rate. The 
existing data permit correlated 
pairs of E, and a to be calculated. 
Uniphase’s best guess from these 
data and physical intuition place 
the actual values between (E,=0.5 
ey a=2) and (E,=0.3 eV, a=4). 
Conclusion 
Since its commercial introduction 
live years ago, Uniphase’s E2 pump 
laser has delivered industry leading 
reliability. Adequate data has now 
been collected to quantify that reli- 
ability.The data predict that an E2 
laser wil1 perform continuously for 
>2 000 000 hours in the field, more 
than 200 years.The E2 technology 
has a field-proven sudden failure 
rate approaching 100 FIT These 
types of numbers were once only 
associated with the entrenched 
1480 nm pump laser, and may now 
be proffered on Uniphase’s E2 980 
nm pump laser technology. 
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